Combined plastic flow and strain-induced phase transformations (PTs) under high pressure in a sample within a gasket subjected to three dimensional compression and torsion in a rotational diamond anvil cell (RDAC) are studied using a finite element approach. The results are obtained for the weaker, equal-strength, and stronger high-pressure phases in comparison with low-pressure phases. It is found that, due to the strong gasket, the pressure in the sample is relatively homogenous and the geometry of the transformed zones is mostly determined by heterogeneity in plastic flow. For the equal-strength phases, the PT rate is higher than for the weaker and stronger highpressure phases. For the weaker high-pressure phase, transformation softening induces material instability and leads to strain and PT localization. For the stronger high-pressure phase, the PT is suppressed by strain hardening during PT. The effect of the kinetic parameter k that scales the PT rate in the strain-controlled kinetic equation is also examined. In comparison with a traditional diamond anvil cell without torsion, the PT progress is much faster in RDAC under the same maximum pressure in the sample. Finally, the gasket size and strength effects are discussed. For a shorter and weaker gasket, faster plastic flow in radial and thickness directions leads to faster PT kinetics in comparison with a longer and stronger gasket. The rates of PT and plastic flows are not very sensitive to the modest change in a gasket thickness. Multiple experimental results are reproduced and interpreted. Obtained results allow one to design the desired pressure-plastic strain loading program in the experiments for searching new phases, reducing PT pressure by plastic shear, extracting kinetic properties from experiments with heterogeneous fields, and controlling homogeneity of all fields and kinetics of PTs. V C 2016 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Diamond anvil cell (DAC) is routinely utilized for studying the material physical behavior and phase transformations (PTs) to high-pressure phases by using advanced diagnostics such as Raman, X-ray, and optical techniques. [1] [2] [3] [4] [5] [6] In different studies, large plastic shear is superposed on high pressure by rotating one anvil with respect to another in a rotational diamond anvil cell (RDAC), which leads to plenty of exciting phenomena:
(a) A drastic reduction of PT pressure by a factor of 2-5 in Refs. 7-11 and almost 10 in Ref. 12 , compared to hydrostatic conditions. This can lead to transforming high-pressure discoveries into possible engineering applications under more traditional pressures. (b) An appearance of new high-pressure phases, which would not appear without plastic shear. 11, [13] [14] [15] (c) The substitution of a reversible PT with an irreversible one, 16, 17 which allows one to retain high-pressure phases at low pressures and utilize them for practical applications.
(d) Fast, strain-controlled kinetics, in which strain, instead of time, plays a role of a time-like parameter. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] (e) A reduction (down to zero) of pressure hysteresis. 8 According to recent classification (see Refs. 10 and 19) , PT in the sample within a liquid or gaseous media is pressureinduced. The high-pressure phase nucleates at the preexisting defects, which creates a pressure/stress concentration. Without hydrostatic media or above the solidification pressure of the transmitting media, the sample is under non-hydrostatic stresses or stress tensors. If sample is subjected to plastic deformation, with or without rotation of an anvil, PTs are considered to be strain-induced. They occur by nucleation at new defects (e.g., dislocation pile-ups and tilt boundaries), which are continuously generated during plastic flow. 10 Since new straininduced defects produce much stronger stress concentrations than the pre-existing ones, external pressure for PTs can be significantly reduced. Also, since nucleation sites are repeatedly produced during plastic shear, one can drive the PT until completion at the fixed pressure with increasing plastic shear.
Characterization of the strain-induced PTs in RDAC is completely different from that for pressure-induced PTs. 10, 19 Strain-induced PTs are studied by a multi-scale theory (at the nano-, micro-, and macroscales), 10, 19 its further developments at the micro- 18 and macroscales, 20, 21 and within numerical a)
Author to whom correspondence should be addressed. simulations at the macroscale. 20, 21 At the microscale, 10, 18, 19 the strain-induced PTs are described in terms of straincontrolled, pressure-dependent kinetics (see Eq. (8)), which includes four major parameters:
(a) the minimum pressure p d e , below which direct straininduced PT does not occur; (b) the maximum pressure p r e , above which reverse straininduced PT cannot take place; (c) the ratio of yield strengths of high-(r y2 ) and low-(r y1 ) pressure phases; and (d) a kinetic parameter k, which scales the PT rate.
Due to the highly heterogeneous distributions of strains, stresses, and concentration of phases, these parameters have not been experimentally determined yet, and the concentration of the high-pressure phase averaged over the sample thickness and pressure distribution on the contact surface of the sample are experimentally available only. 17 Consequently, finiteelement method (FEM) simulations have been developed in order to investigate the evolution of stress-strain and concentration of phase fields and effects of material parameters on them as well as the interpretation of experimental measurements and phenomena. [22] [23] [24] In most experiments, the sample is placed inside a deformable gasket made of different materials and having different sizes. Introduction of a gasket into DAC and RDAC serves a number of purposes including: (1) controlling the pressure gradient by changing the radial flow of the sample (namely, radial friction stress); (2) achieving a super-high pressure in the sample by increasing the strength of the gasket; (3) controlling sample plastic flow by changing the gasket size or strength; (4) reducing heterogeneity of all parameters along the radial direction; and (5) controlling PT by varying boundary conditions for the sample. One has to solve a nonlinear problem of coupled PTs and mechanics with large plastic deformations and displacements, which leads to nontrivial simulation challenges using FEM, including convergence of numerical algorithms. Previous papers for studies with RDAC [22] [23] [24] were devoted to the sample without the gasket because adding contact pairs between gasket and anvil or gasket and sample would complicate the problems. However, gaskets are broadly used in recent experiments with RDAC (Refs. 12-15 and 17) because they entirely change the environment for deformation and PT in the sample, pressure distribution, and character and intensity of plastic flow. The current paper studies strain-induced PTs in the sample within a gasket. While the influence of the gasket was investigated in the axial symmetric problem for compression in DAC, 25 effects of the gasket on material mechanical response, PT rate, and distribution of phases will be much different under threedimensional compression and torsion in RDAC. In this paper, differences in PTs and plastic flow in RDAC and DAC and the advantages of using RDAC will be discussed.
II. PROBLEM FORMULATION

A. Geometry and boundary conditions
A schematic of the RDAC is shown in Fig. 1(a) . Despite the axisymmetric geometry, the problem with RDAC is distinct from a two-dimensional axisymmetric problem with DAC 20, [25] [26] [27] due to three-dimensional external loadings: an axial compressive force Q and a torque for the rotating of an anvil with respect to the other by an angle u. Based on the geometrical symmetry and exerted loading, it is reasonable to perform simulations for a quarter of the RDAC structure only. The geometry of a quarter of a cross section of sample in the initial undeformed state is presented in Fig. 1(b) . The initial thickness and radius of the sample are H 0 and R s ¼ mH 0 ; the initial thickness of gasket's periphery is H 1 þ H 0 ðH 1 ¼ nH 0 Þ; and the radius of the bottom surface of the diamond contacting the sample and gasket is R ¼ 5H 1 ¼ 5nH 0 . The effects of the gasket size on the PT and plastic flows of sample can be studied by varying the factors m and n. The geometry of the contact surface of the sample and gasket with the anvil is shown in Fig. 1(c). A 45 arc, instead of the sharp corner, is used around point d because, in simulations, a sharp corner can induce the penetration of a slave (gasket) surface into the master (diamond) surface and cause severe convergence problem. The boundary conditions for deformed RDAC are shown in Fig. 1(d) and are listed as follows:
(1) Due to symmetry, the radial displacement u r ¼ 0 and the shear stress s rz ¼ 0 at the z axis (r ¼ 0). (2) At the contact surface ABDE between the diamond anvil and the sample or gasket, a combined Coulomb and plastic friction is applied, which will be described in Sec. II C. 
B. Material model
To obtain generic results, the simplest isotropic, perfectly plastic model is used for the sample and gasket, and the diamond anvil is accepted to be a rigid body, which is in line with our previous studies. [20] [21] [22] [23] [24] [25] [26] [27] The position vector in the current configuration, r ¼ rðr 0 ; tÞ, which describes the deformation of materials, is a function of initial position vector r 0 in the undeformed state and time t. The multiplicative decomposition of the deformation gradient, F ¼ @r=@r 0 ¼ V e Á F t Á F p is used, where V e , F t , and F p are the symmetric elastic stretch tensor, and transformational and plastic parts of the deformation gradients, respectively. In Ref. 28 , the applicability of the perfectly plastic and isotropic model with the yield strength independent of the deformation history was justified under monotonous loading for various classes of materials (metals, rocks, powders, etc.), starting with accumulated plastic strains q > 0:6 Ä 1. Thus, strain hardening is saturated and the yield strength r y is becoming strain-independent. This also means that grain refinement is saturated as well. Therefore, we will neglect the effect of the grain size on both the plastic flow and PTs. For smaller strains, both strain hardening and the effect of the grain size on plastic flow and PTs are very important and will be considered in future studies. While the assumption of small elastic deformation is accepted, transformational strains, plastic strains, and material rotations can be finite. It was justified in Refs. 29 and 30 that the heating due to plastic flow is not significant in a large rotational cell with cemented carbide anvils with diameter of tens mm. The heating in RDAC is expected to be much smaller due to two reasons. (1) There is an increase of two orders of magnitude in the surface-to-volume ratio, which increases heat flux from the thin sample to single crystal diamonds. Diamond has a large heat conductivity and is used as a heat sink in the electronics industry, even in polycrystalline form. (2) Rotation of an anvil in RDAC is produced incrementally; it stops for pressure and X-ray measurements.
Also, plastic straining promotes PT from high-to lowtemperature phases, e.g., from hexagonal/rhombohedral boron nitride and graphite to their super-hard cubic or wurtzitic phases. That is why effects of heating due to plastic deformation will be neglected.
The total system of equations for the sample with coupled plasticity and phase transformation is as follows:
Decomposition of the symmetric deformation rate tensor
Þ s into elastic, transformational, and plastic components
Hooke's law for deviatoric and mean parts of the Cauchy stress T
Von Mises yield condition for the two-phase mixture
J 2 flow rule in the plastic region
In the elastic region
Transformation volumetric strain rate
Equilibrium equation
In our micro-scale theories, 10,18 strain-induced PTs could be characterized in terms of the pressure-dependent, strain-controlled kinetic equation
Here, subscript s means symmetrization of a tensor; e r e and s r are the Jaumann objective time derivative of the elastic strain and deviatoric stress; I is the unit tensor; p is the pressure, e e0 is elastic volumetric strain; s is the deviator of the true stress tensor T, s ¼ devT; K and G are the bulk and shear moduli; r i is the effective stress; c is the concentration of the high-pressure phase; e t is the transformational volumetric strain when crystal lattice of low pressure phase completely transforms to the crystal lattice of high-pressure phase; 
C. Friction model
In this section, the model of friction between the sample and the diamond will be introduced. The contact model between the gasket and the diamond is similar and even simpler due to lack of PTs and constant yield strength. In the Coulomb friction model, the relative slip on a contact surface initiates when the magnitude of the friction stress vector s, s ¼ jsj, reaches the critical friction stress s crit ¼ lr n , where l is the Coulomb friction coefficient and r n is the normal contact stress. For elastoplastic materials, however, once the magnitude of the friction stress s reaches the yield strength in shear, s y ¼ r y = ffiffi ffi 3 p (according to the von Mises yield condition (3)), slip can occur even if s < lr n . As a consequence, the traditional Coulomb friction should be modified by redefining the critical friction stress as s crit ¼ minðlr n ; s y Þ. The friction stress vector s in the generalized axisymmetric model can be decomposed into two orthogonal components s In numerical simulations by FEM, a sudden change of contact condition between slip and cohesion may cause divergence of the iterative process, especially for the large slip model. To improve the efficiency of the numerical procedure, the complete cohesion condition is substituted with a small elastic (reversible) slip vector u e , similar to the elastic strain for elastoplastic material. Although it is a mathematical regularization, this elastic slip can also be physically interpreted as elastic deformation of a thin contact layer (asperities), while slip corresponds to plastic flow in the contact layer or cutting asperities. For robustness and accuracy of this regularization, the maximum magnitude u crit of the elastic slip u e should be very small, e.g., smaller than 0.5% of average element length for fine-mesh discretization.
The elastic slip vector u e can be introduced by s ¼ k s u e , where k s is the (current) contact stiffness, or in terms of the magnitudes jsj ¼ k s ju e j. The contact stiffness k s is defined by the condition that slip starts at the given critical elastic slip magnitude u crit , i.e., k s ¼ s crit =u crit . Consequently, k s varies linearly with the normal stress r n or the yield strength in shear s y . During PTs, yield strength in shear s y varies and is a function of the concentration of the high-pressure phase and yields the strengths of phases. For the two-phase mixture, Eq. (3) results in s y ¼ ð1 À cÞs y1 þ cs y2 , where s y1 and s y2 are the yield strength in shear of the low-and highpressure phases, respectively. The complete system of equations for contact friction is presented below.
Total contact displacement is decomposed into elastic (reversible) and sliding (irreversible) parts
Yield strength in shear
Critical shear stress s crit ¼ minðlr n ; s y ðcÞÞ:
Rules for the vector of the elastic slip displacement
Sliding rule below critical shear stress
Sliding rule at the critical shear stress (s ¼ s crit )
Distinct from the formulations in Ref. 25 for traditional DAC with a gasket, contact shear stresses and displacements in current RDAC are two-dimensional vectors rather than scalars.
D. Numerical procedure
To solve the pressure-dependent, strain-controlled kinetic Eq. (8), ABAQUS user subroutines USDFLD and HETVAL have been implemented, in which the coupled problem for plastic flow and PT is substituted by a coupled thermo-plasticity problem. Specifically, the concentration c of the high-pressure phase and transformation strain are treated as the temperature and thermal strain, respectively. Then, the solution to Eq. (8) can be obtained by solving the heat conduction equation. For the contact pairs between the sample and diamond anvil, when s y1 6 ¼ s y2 , the yield strength is not a constant but a function of concentration of phases and yield strengths of the low-and high-pressure phases shown in Eq. (10) . In this case, user subroutine FRIC in ABAQUS should be used to implement the contact model in Sec. II C. For s y1 ¼ s y2 , a standard procedure in ABAQUS without subroutine FRIC can be utilized for the contact model; it was also used to confirm the consistency of standard procedure and programming in FRIC.
In the dimensionless form, shear stresses are normalized by the yield strength in shear s y1 ¼ r y1 = ffiffi ffi 3 p ; all other stress-related parameters (e.g., pressure p and parameter p r e ) are normalized by r y1 ; the dimensionless force F is the axial force P normalized by the product of r y1 and the initial contact area, which is equal to the area produced by a complete revolution of the curve abde in Fig.  1(b) 
III. NUMERICAL SIMULATIONS OF COUPLED PLASTIC FLOW AND STRAIN-INDUCED PHASE TRANSFORMATION
In this section, we will focus on PTs into weaker (r y2 =r y1 ¼ 0.3), equal-strength (r y2 =r y1 ¼ 1), and stronger (r y2 =r y1 ¼ 3) high-pressure phases. Moreover, the differences between compression in DAC and compression and torsion in RDAC and the effects of kinetic parameter k in Eq. (8) will be also analyzed. The initial size of the undeformed gasket/sample is defined by m ¼ 2 and n ¼ 1 (e.g., R s ¼ 2H 0 and H 1 ¼ H 0 in Fig. 1(b) ), and the gasket yield strength is assumed to be r y3 ¼ 3r y1 . In Section IV, we will further study effects of the gasket size and strength.
A. Weaker high-pressure phase
Appearance of the high-pressure phase with the lower yield strength causes material instability during transformation softening and leads to a very heterogeneous distribution of pressure, accumulated plastic strain, and concentrations of phases. Consequently, PT to a weaker high-pressure phase fundamentally differs from the two other cases: equalstrength and stronger high-pressure phases, in which material softening and instability do not exist. Fig. 2(a) exhibits the evolution of the concentration c of a weaker high-pressure phase in the sample with a rising rotation angle u at a fixed axial force F ¼ 6:19. No PT occurs before rotation of an anvil, although the pressure in the entire sample ( Fig. 2(b) ) is slightly higher than the minimum pressure for direct PT p e d . The reason is that the radial displacement of the sample is limited by a strong gasket and concentration c is negligible without intense plastic flow. During the rotation of a diamond anvil, the plastic deformation in the sample initiates at the contact surface, where the PT starts. For u 0:3, the fast PT causes a volume reduction and sample material flows to the center, which can be seen in Fig. 2 by the slight reduction in the sample radius. When u ! 0:5, the rate of PT decreases and the materials of the sample and gasket flow from the center to the periphery, with an increase of the rotation angle. Pressure grows slightly during rotation, which intensifies the PT, and it is not very heterogeneous in the entire sample; this makes the geometry of high-pressure phase distribution mostly determined by the geometry of plastic strain distribution (see Fig. 2 ). In turn, transformation softening causes material instability, which leads to a very heterogeneous distribution of accumulated plastic strain (Fig. 2(c) ). During compression without torsion, pressure in the sample is almost homogeneous (Fig. 3(a) ). During rotation of anvil under a fixed axial force F, the pressure grows ( Fig.  3(a) ) in most of the flat region of contact surface (ABD in Fig. 1(d) ), while it decreases on the inclined surface (DE in Fig. 1(d) ) to keep a constant axial force. The increasing pressure in the sample with the weaker high-pressure phase after rotation is consistent with experimental observation. 9 Due to material softening in transforming bands and change in the direction of radial flow during torsion, pressure does not monotonously grows from the periphery to the center, but has some drops, which were experimentally found in Ref. 9 . During compression without torsion, the friction stress is in the radial direction only and it increases from the center of sample to the periphery of the gasket (Fig. 4) . The friction at the contact surface of the sample is quite small because the radial displacement is limited due to a strong gasket ðr y3 ¼ 3r y1 Þ; this is consistent with the quasi-homogeneous pressure distribution on the contact surface. Although at u ¼ 0, the friction stress does not reach the yield strength in shear, in both the sample and the gasket, a slight rotation of the anvil significantly increases the circumferential stress and causes the magnitude of the total friction stress to be equal to shear yield strength, s ¼ jsj ¼ s y ðcÞ (Fig. 4) . With an increasing rotation angle, the circumferential stress rises in the gasket while the radial stress reduces to keep a constant total friction stress as yield strength in shear s ¼ s y .
FIG. 2. Distributions of (a)
concentration of the high-pressure phase c, (b) pressure p, and (c) accumulated plastic strain q in the sample, with rising rotation angle u under a constant compressive axial force F ¼ 6.19, for a weaker ðr y2 ¼ 0:3r
B. Equal strength phases
Due to the absence of transformation softening causing instabilities in the form of strain and PT localization, all fields for strain-induced PT for equal-strength phases are completely different from the case with a weaker highpressure phase. The evolution of the high-pressure phase with a growing rotation angle is shown in Fig. 5 , where the localization of concentration of phases disappears and the geometry of PT zone is much more regular in comparison with the weaker high-pressure case in Sec. III A. The highpressure phase propagates from the contact surface to the symmetry plane and from the periphery to the center. Pressure is quite homogenous in the entire sample and slightly reduces from the center to the periphery. That is why, similar to the case with a weaker high-pressure phase, accumulated plastic strain is also the major controlling factor for the PT progress. One can note that in the region with the highest pressure near the symmetry axis, the PT progress is the lowest because of the lowest plastic strain. For the rotation angle u ¼ 1:0, there is the larger high-pressure phase zone in the sample in Fig. 5 (a) than in Fig. 2(a) because of a more homogeneous distribution of the plastic strain in the entire sample without localization.
With an increase in rotation angle from 0 to 0.8, the pressure at the contact surface increases but still is quite homogenous ( Fig. 3(b) ). This is consistent with the experimental observation for hexagonal boron nitride before PT (i.e., for unchanged yield strength) in Ref. 17 , where quasihomogenous pressure on the contact surface grows during rotation. However, for the rotation angle in the interval from 0.8 to 1, the PT rate is getting lower than during initial rotation in Fig. 5 , and the pressure slightly drops in Fig. 3(b) . This is because the total contact area increases due to material flow to the periphery during rotation. Pressure in the gasket near the sample initially increases but then significantly drops during torsion. Similar to the case with the weaker high-pressure phase, during initial rotation, a fast PT rate causes volume reduction and material of the sample flows from periphery to the center, while for a large rotation angle material flows from the center to periphery, which causes the change in the sign of radial shear stress s zr in Fig. 6(a) . With an increase in rotation angle, the circumferential friction stress grows in the gasket while the radial friction stress reduces, which leads to a constant magnitude of the friction stress (Fig. 6 ).
C. Stronger high-pressure phase
All fields in the sample after compression and without torsion are homogeneous before PT starts, and do not practically differ from those in the two previous cases (Secs. III A and III B). With torsion, for the stronger high-pressure phase ðr y2 ¼ 3r y1 Þ, PT propagates from the periphery to the center but does not necessarily propagate from the contact surface to the symmetry plane (Fig. 7(c) ), which is different from previous two cases. The pressure gradient for the stronger high-pressure phase in Fig. 7(b) is much larger than in Figs. 2(b) and 5(b). Although the pressure at the contact surface close to the z axis may be $25% larger than at the periphery, which intensifies the PT at the center, the accumulated plastic strain becomes an order of magnitude larger at the periphery than at the center. Consequently, the geometry of accumulated plastic strain rather than pressure again determines the geometry of phase distribution. Due to transformation hardening and smaller plastic strain, the PT rate is slower for the stronger high-pressure phase than that for the equal-strength phases for the same axial force F and rotation angle. Evolution of the pressure distribution at the contact surface between diamond and gasket ( Fig. 3(c) ) does not essentially differ from the two previous cases. Due to growth in the yield strength in the sample during PT, sample reaches the yield strength of the gasket after completing PT. Without the discontinuity in strengths, pressure at the contact surface becomes almost continuous across the sample-gasket interface at u ¼ 1:0. After completing PT in the entire sample, further stress evolution is the same as the sample without the gasket. Friction stress at the periphery of the sample initially changes direction due to the volume reduction during fast PT ( Fig. 8(a) ). Friction stresses in radial and circumferential directions grow in the major part of the contact surface between diamond and sample (except for some areas at the periphery) because of material hardening during PT. An increase in the radial friction stress in the sample increases the pressure gradient and pressure at the contact surface of the sample in Fig. 7 when the rotation angle increases from 0 to 0.8. Pressure growth during rotation for the stronger highpressure phase is experimentally observed in Refs. 8 and 11 without the gasket and in Ref. 17 with the gasket. Fig. 9 exhibits the rotation angle b of material points at the contact surface with respect to the symmetry plane after the rotation of an anvil by an angle u=2 ¼ 0:4. The horizontal lines in Fig. 9 indicate that there is no slip at the contact surface. One can note that there is a large slip between anvil and gasket for all combinations of strength of high-and lowpressure phases. With an increase in high-pressure phase strength, the slip between diamond and sample reduces because critical shear stress for sliding in the sample is equal to the yield strength and it rises with the growth of highpressure phase strength. For example, sliding occurs along the entire contact surface of the sample for the weaker highpressure phase, but it does not occur for the stronger highpressure phase. For the weaker high-pressure phase, the curve of b is not monotonous due to the instability during material softening.
D. Effects of kinetic parameter k
It follows from Eq. (8) that the kinetic parameter k scales the PT kinetics and should play an important part in the PT progress in the sample in addition to the ratio of the yield strengths of high-and low-pressure phases. In this section, the effects of k will be studied by comparing results for k ¼ 6 and k ¼ 12 for equal-strength phases ðr y2 ¼ r y1 Þ. It is expected that an increase in k should promote PT, which is clearly the case in Fig. 10 . However, there are two minor suppressing effects. Due to a faster PT, the volume reduction is faster for k ¼ 12, which causes the slower pressure and plastic strain growth in almost the entire sample (except for a small region located in the center of sample) in comparison with a smaller k. Still, in this case, the promoting contribution from k to the PT rate is more significant than the slightly reduced pressure and accumulated plastic strain. For rotation angle u ¼ 0, pressure is slightly higher in Fig. 10(c) than in Fig. 10(d) because the volume reduction is slightly larger in Fig. 10(d) than in Fig. 10(c) (the concentration of the high-pressure phase in a major part of the sample is around 1% for (c) and 2% for (d) at u ¼ 0). Fig. 11 shows the variations of maximum pressure p in the sample versus the concentration of the high-pressure phase c 0 averaged over the entire sample for compression in DAC and torsion at a fixed force in RDAC. According to Fig. 11 , the maximum pressure to produce the same concentration of the high-pressure phase (exceeding some small c 0 of 0.03) is significantly lower in RDAC, especially for large concentrations, where it can be lower by a factor of three. These results can explain a known misconception in interpretation of experimental results. It is generally accepted in Refs. 8, 9, 11-14, and 16 that plastic shear in RDAC due to torsion promotes high-pressure PT in comparison with "uniaxial compression" in DAC, and Fig. 11 corroborates this statement. However, this is not a property of a tested material; this is the property of the sample-gasket-loading system behavior. Indeed, in both types of experiments material is described by the same constitutive equations, which are independent of the type of stressstrain state (compression or shear), and has the same properties. Let us compare two thought experiments, in which one produces (a) homogeneous uniaxial compression or (b) homogeneous shear, both under controllable pressure within material, which is slightly higher than p d e . Then according to kinetic Eq. (8), the same concentration c of the high-pressure phase will be produced when the accumulated strain q is the same in both tests. That means that from a material point of view, any mode of plastic straining with the same q can drive and complete PT at pressure as low as p d e . Thus, the difference between results in DAC and RDAC is because of heterogeneity of the stress and strain fields required to produce high pressure and large plastic strain in the sample under different loading programs. For DAC, plastic flow is generated by increasing the axial force only, which causes a fast growth in pressure in the sample, even while pressure increase is not required for PT. However, for RDAC, the plastic straining can be produced by rotation of an anvil under a fixed axial force, and pressure only slightly changes during rotation, compared to the case for DAC.
IV. STRAIN-INDUCED PHASE TRANSFORMATIONS UNDER COMPRESSION VERSUS TORSION
As a consequence, one of the advantages of RDAC is obtaining a transformed sample without super-high pressure. It is very important for (a) searching new phases under reasonably high pressure without breaking diamond anvils and (b) a scaling-up process for large volumes using, for example, highpressure torsion 31, 32 with metallic or ceramic anvils. From a physical point of view, one has to compare PTs under hydrostatic conditions (pressure-induced PTs) or nonhydrostatic conditions (stress-induced PTs) without plastic deformation with PTs produced by plastic straining under high pressure (strain-induced PTs), see Refs. 7, 8, [10] [11] [12] 17 , and 19-21.
V. EFFECTS OF GASKET SIZE AND STRENGTH ON PHASE TRANSFORMATIONS AND PLASTIC FLOW
Fields of strain, stress, and phase concentrations in the sample surrounded by a gasket are very distinct from those in RDAC without the gasket. In this section, we discuss the effects of the gasket in more detail from three aspects: gasket strength, relative sample radii (gasket length), and gasket/ sample thickness, under the same axial force F ¼ 6.19. The sample with equal-strength phases ðr y2 ¼ r y1 Þ will be used for this discussion.
A. Effects of gasket strength
One of the important reasons for the introduction of the gasket much stronger than the sample material into DAC and RDAC is to increase achievable pressures. A strong gasket effectively impedes the flow of the sample to the periphery. It also allows one to control the heterogeneity of the stress and strain states in the sample, specifically, to make them more homogeneous. In this section, results for two values of the gasket yield strength, r yg ¼ 3r y1 (stronger gasket) and r yg ¼ 2r y1 (weaker gasket), are compared under the same applied force. With a stronger gasket, the radial flow in the sample is more limited; at some stages, it is even toward the center rather than to the periphery, which causes two effects (Fig. 12) . First, the sample thickness and, consequently, the plastic strain are smaller. Second, the pressure gradient and maximum pressure in the sample are smaller as well because of smaller friction shear stress in the sample and a simplified equilibrium equation dp dr ¼ À 2s zr h , where h is the thickness of the sample in the current (deformed) state. Both faster plastic flow and higher pressure promote the PT, and therefore PT rate in the sample with the weaker gasket is faster than the PT rate with the stronger gasket for both compression and torsion stages. At the same time, if we are interested in more homogeneous fields in an experiment, the stronger gasket is preferable. Also, for achieving very high pressure in the sample, the weaker gasket may not be able to provide sufficient pressure growth within the gasket and, consequently, not high enough pressure in the sample.
B. Effects of relative sample radius
The resistance of the gasket to the sample flow is not only affected by its strength but also by the relative gasket length, Z ¼ 1 À S ¼1 À R s =R, where S ¼R s =R is the relative sample radius. In this section, we will discuss effects of relative sample radii by using the gasket with r yg ¼ 3r y1 and two values of S, 0.4 and 0.6 (Fig. 13) . A longer gasket length Z (i.e., shorter sample radii S) acts, to some extent, similar to the higher gasket strength: it reduces radial flow to the periphery and even causes flow to the center and, consequently, reduces plastic straining and pressure gradient in the sample.
Pressure at the center is slightly higher for a longer sample and at the periphery for a shorter sample. Still, plastic straining makes a stronger contribution to the kinetics of PT than the pressure, and concentration of the high-pressure phase is larger for a longer sample.
C. Effects of sample/gasket initial thickness
In this section, we will discuss the effects of sample/gasket thickness on the pressure, plastic strain, and concentration fields by varying the relative initial thickness H 0 =R from 0.16 to 0.2. Initially, for the rotation angle of 0.1, the geometry of transformed zones is quite different in Figs. 14(a) and 14(b) for two initial thicknesses. For example, the PT progress at the symmetry plane is essentially faster in Fig. 14(b) for a thinned sample than in Fig. 14(a) , which is due to different distributions of pressure and accumulated plastic strain. However, with growing rotation angle, the differences between two cases continuously reduce. At a rotation angle of 0.5, the phase distribution is already very similar for these two cases. For both cases, the PT progress is mostly determined by plastic flow rather than pressure, and the region with largest pressure has the slowest PT rate despite the fact that pressure intensifies PT. Thus, similar to the results for compression in DAC, 25 the effect of thickness on stress-strain fields and PT is not as significant as the effects of gasket yield strength and length. One could increase the sample volume to obtain similar phase distributions by increasing thickness.
Note that the obtained results depend on the applied force, desired pressure, and material parameters. That is why some conclusions may change if a different combination of parameters is considered.
VI. CONCLUDING REMARKS
In this paper, coupled strain-induced PT and plastic flow in the sample within a gasket under high pressure and large torsion in RDAC are studied in detail. In comparison with DAC, PT rate is much faster in RDAC under the same maximum pressure in the sample, in accordance with experiments. 8, 9, [11] [12] [13] [14] 16 This may lead to a misinterpretation that plastic shear promotes PTs in comparison with uniaxial compression. It is shown in the paper that this statement does not refer to material physical and mechanical properties, but it is a consequence of a behavior of the sample-gasket-loading system. Indeed, kinetic equation (8) is independent of the mode of stresses and strains. For any mode of plastic straining, the PT can be driven and completed at pressure as low as p d e . The difference between results in DAC and RDAC is because of heterogeneity of the stress and strain fields required to produce high pressure and large plastic strain in the sample under different loading programs. For DAC, plastic flow is generated by increasing the axial force, which causes a fast growth in pressure in the sample, even while pressure increase is not required for PT. However, for RDAC, the plastic straining can be produced by rotation of an anvil under a fixed axial force with minor changes in pressure. A correct statement of the promotion of PT by plastic straining should be in comparison with pressure-or stressinduced PTs under hydrostatic or quasi-hydrostatic loading without plastic straining. Still, advantages of RDAC in comparison with DAC demonstrate a possibility to search new phases at lower pressure, to obtain a transformed sample under lower pressure without breaking a diamond, and to scale up the process for large volumes using anvils from strong metals or hard alloys, like in high-pressure torsion. 31, 32 The results in the paper are obtained for the weaker, equal-strength, and stronger high-pressure phases. For weaker high-pressure phases, transformation softening during PTs causes material instability and leads to very heterogeneous distribution of phases and plastic strain, including shear-transformation bands. Global PT rate in the sample in equal-strength phases is faster than those in weaker and stronger high-pressure phases. For the weaker high-pressure phase, strain localization prevents or retards spreading of PT outside the bands. For the stronger high-pressure phase, strain hardening during PT reduces plastic straining and, consequently, the PT rate. Stronger gaskets and longer gaskets reduce plastic deformation and pressure gradient in the sample as well PT rate. The effect of gasket thickness on PTs and plastic flow is not pronounced, excluding initial stages of rotation of an anvil. Multiple experiments are qualitatively reproduced and interpreted. Obtained results are useful for the design of experiments searching new highpressure phases, controlling homogeneity of all fields in the sample and transforming volume, optimizing loading programs, as well as for extracting kinetic properties from an experiment with heterogeneous fields.
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